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EXECUTIVE SUMMARY

Variability in selection for vegetated habitats by juvenile brown shrimp, Penaeus
aztecus, and white shrimp, P. setiferus, as evidenced by distributions in estuaries, suggests
that the value of these habitats is not constant. Previous laboratory work indicates that
selection for structure itself is one component of habitat selection, but environmental condi-
tions and other habitat characteristics undoubtedly affect the utilization of vegetated estuar-
ine habitats. This study was designed to examine the effect of environmental variables on
selection for structure in the laboratory in an effort to increase our understanding of the way
habitats are utilized by penaeid shrimp.

Brown shrimp are generally found in association with estuarine vegetation, and they
selected for vegetative structure in the laboratory. An average of 81% of brown shrimp
were distributed in the vegetated half of control tanks. Reductions in salinity to oligohaline
levels, used to simulate flood events in estuaries, significantly reduced selection for struc-
ture. The reduction of light, either through the manipulation of lighting or through turbidity,
had a similar effect on brown shrimp distributions. Neither reduced salinity or light, how-
ever, reduced the mean percentage of shrimp in the grass below 50%. The overall pres-
ence or absence of food or of an appropriate substrate for burrowing, did not alter selection
for structure, but the distribution of these habitat characteristics had a dramatic effect on
shrimp distributions. Atftraction to food or to a substrate for burrowing can override the
inherent selection for structure normally exhibited by brown shrimp. Other variables exam-
ined including day length and shrimp size did not significantly affect selection.

White shrimp distributions in relation to estuarine vegetation are more variable. In our
experiments, white shrimp also showed an inherent selection for the vegetated half of the
control tanks (75% of shrimp in the vegetation), but none of our experimental variables
appeared to influence this selection to any great extent. There was a strong correlation
between white shrimp activity and selection for structure, and this relationship may have
contributed to the relatively large variability in selection by this species.



INTRODUCTION

Distributions of juvenile brown shrimp,
Penaeus aztecus, and white shriimp, P. setif-
erus in estuaries, suggest that habitat selec-
tion and perhaps habitat value vary with envi-
ronmental conditions. Young brown shrimp
are often found in association with estuarine
vegetation (Loesch 1965, Stokes 1974), and
in Galveston Bay, Texas, they are generally
concentrated in available salt marsh habitats
(Zimmerman et al. 1984). During early spring,
however, juvenile brown shrimp are more
abundant on nonvegetated bottom (Zimmer-
man and Minello 1984), suggesting that the
relative value of salt marshes for this species
may not be constant. Incontrast, white shrimp
selact for salt marsh vegetation sporadically,
and exhibit an overall inconsistent distribution
patterninrelationto vegetated habitats (Loesch
1965, Stokes 1974, Zimmerman and Minello
1984, Minello and Zimmerman 1985). Exploi-
tation of the salt marsh surface appears to be
beneficialto brown shrimp, providing increased
food for growth (Zimmerman et al. in press)
and protection from fish predators (Minello
and Zimmerman 1983, Minello et al. 1989).
Although relatively little is known of estuarine
habitat value for white shrimp, this species
does not appear to obtain the same benefits
from vegetated habitats as brown shrimp.
Assuming that distributional patterns are re-
lated to habitat value, environmental charac-
teristics affecting habitat selection may be
related to habitat functions.

Anunderstanding of the factors controlling
selection for vegetative structure, should be
useful in determining how habitats are util-
ized. Therefore, we examined the effectof en-
vironmental variables on selection for struc-
ture by brown shrimp and white shrimp in a
series of laboratory experiments. These vari-
ablesincluded salinity, a simulated freshwater
event (rapid salinity reduction), turbidity, food
availability, substrate type, day length, light,
and the presence of predators. The effects of
shrimp size and density were also examined.

General

Experimental animals were collected with
trawls in West Galveston Bay, held in a labo-
ratory with an artificial day/night light cycle of
12 hr, and fed each evening with pelleted food.
Salinities were slowly altered (over several
hours) from collection levels to 20 %o in hold-
ing tanks, and this salinity was used in all ex-
periments except those where salinity was an
experimental factor. Water temperatures in
holding and experimental tanks were main-
tained near 25 to 27 °C. .

The 16 rectangular experimental tanks
(1.5 m x 0.6 m) had light brown fiberglass
walls, and were filled with seawater io a depth
of 25 cm. Light was provided by daylight fluo-
rescent bulbs, was measured just above the
water's surface using a LI-COR integrating
quantum meter (Model LI-188B), and ranged
between 22 and 27 microeinsteins(uE) s'm2
To provide a substrate which prevented shrimp
from burrowing and facilitated observations,
we placed black plastic mesh (6.4 mm) over
washed beach sand and then added enough
additional sand to cover the mesh. Green
plastic drinking straws were used to simulate
vegetation and were placed over one half the
bottom of each tank in evenly spaced clumps
of four straws each. Clumps were spaced 5.5
¢cm apart, resulting in a density of 670 straws/
m? in the vegetated half of the tank (0.75 m x
0.6 marea). Curtains were hung around each
tank to reduce disturbances.

Tanks were randomly assigned to experi-
mental treatments, and ten juvenile shrimp
(45-60 mm, total length) were placed in each
tank the evening before an experiment. Lights
came on at 0700 hrs, and observations were
made through small openings in the curtains
every 2 hrs throughout the day beginning at
0900 hrs and ending at 1700 hrs. The number
of shrimp in the vegetated and nonvegetated
halves of each tank was recorded, and the
activity level of the shrimp was classified as
sedentary or active (crawling and swimming).



The percentage of shrimp in the vegetated
half of each tank was used as the observation
in an ANOVA after an arcsin transformation.
The multiple observations taken in each tank
throughout the day (generally 5) were treated
as subsamples which provided a within tank
error term in the analysis. All main effects
were tested over the among tank error. The
percentage of active shrimp in each tank was
analyzed in a similar manner. {f the experi-
ment was repeated on a second day, day was
treated as a blocking variable in the analysis.
Salinity and a Simulated Freshwater Event

Before each experiment, shrimp were
placed in acclimation tanks, and salinities
were adjusted to experimental levels of 3 %o,
20 %o, and 38 %o over a 5-day period using
dechlorinated tap water or seawater mixed
with artificial sea salts. Initial daily changes
were 5 %o followed by changes of 2-3 %e per
day as experimental salinities were ap-
proached. Shrimp were then held at these
salinities for at least 2 days before an experi-
ment was initiated.

The two treatments with initial salinities of
38 %o and 20 %o were both assigned six ex-
perimental tanks and the 3 %o treatment con-
tained four tanks. The effect of salinity itself
was determined from observations made
during the first day that shrimp were subjected
to these experimental conditions. That eve-
ning, shrimp were fed with a small amount of
pelleted food distributed evenly between vege-
tated and nonvegetated sides of each experi-
mentaltank. The following morning, half ofthe
six tanks with 38 %o and 20 %o were subjected
to a simulated freshwater event. Beginning at
0830 hrs, salinities were lowered in these
tanks from 3810 20 %o and from 20to 3 %o over
a 3-hr period at a rate of 3 %o every half hour.
Salinities were reduced by lowering water
levels with a small electric pump and incre-
mentally replacing water with dechlorinated
freshwater. Airstones provided vertical mix-
ing. Water levels in all other tanks were also
lowered and replaced with water of the original

salinity to control for the disturbance effect of
water removal and addition. Salinity reduc-
tions were completed by 1200 hrs, and obser-
vations on the distribution and activity level of
shrimp in the tanks were recorded at 1300,
1500, and 1700 hrs.

To maintain a balanced design, data from
fourtanks pertreatment level were usedinthe
analysis of overall salinity effects, while three
tanks per treatment level (five levels) were
analyzed to determine the effect of a freshwa-
ter event. The entire experiment was re-
peated on a second day. Inthe ANOVAs on
salinity reduction, combinations of the five
treatment levels were examined through
contrasts. In Contrast A, the three treatments
with no salinity change were contrasted with
the two treatments where salinity was lowered
(38 t0 20 %o and 20 to 3 %), and in Contrast
B, the two treatments with a final salinity of
3 % were contrasted with the remaining three
treatments.

Turbidity

A slurry of bentonite and seawater was
used to create turbid water, and selection for
structure was measured at four turbidity levels
(0,10, 25, 50 FTUs). Clay was added to the
tanks during the dark cycle on the morning of
an experiment, and periodically throughout
the morning to maintain treatment turbidity
levels. Turbidities were measured with a
nephelometric turbidimeter (H-F Instruments
Model DRT-15) using a formazin standard
and recorded as Formazin Turbidity Units
(FTUs). Effects of disturbance due to adding
the clay mixture were controlled by adding
clear water to the 0 FTU treatment. Because
direct observations on thedistribution of shrimp
could notbe made in alltreatments, the number
of shrimp in each half of the tank was deter-
mined by draining the tanks (around 1200 hrs)
afterameshwall was placed atthe edge ofthe
vegetation dividing the tank in half. Before
draining, but after the wall was in place, light
intensity was measured at the water’s surface
and 13 cm off the bottom in the center of the



nonvegetated half of each tank. Underwater
light readings were taken with the sensor di-
rected both towards the surface and horizon-
tally towards the wall of the tank. The experi-
ment was repeated on a second day.

Food

The effect of food distribution was exam-
ined using rings of squid (1.0-1.3 g each)
attached to small lead weights. Observations
on the distribution of shrimp with no food in the
tanks were made at 0900 and 1100 hrs; food
was then added at 1200 hrs. The four treat-
ment levels were: no food present, food in
both vegetated and nonvegetated halves of
the tank, food only in the vegetated half, and
food only in the nonvegetated half. Three
squid rings were placed in each tank half, and
lead weights without squid were placed in the
non-food treatments. Shrimp distribution and
activity and the number of shrimp feeding
were recorded at 1300, 1500, and 1700 hrs.
The effect of food on selection for structure
was also examined at night following the brown
shrimp experiment. Food was removed after
the 1700 hr observations, and replaced at
midnight. The distribution of the shrimp was
recorded at 0100 hrs using a smali red light.

Substrate

In experiments on the effect of substrate,
approximately 5 cm of washed beach sand
was compared with the sand/plastic mesh (no
sand) used in all other experiments. Shrimp
readily burrowed in the beach sand. The four
treatment levels examined were: no sand
throughout thetank, sandthroughoutthe tank,
sand only in the vegetated half, and sand only
in the nonvegetated hali. Observations on
shrimp distribution and activity were made
every 2 hrsthroughout the day and at midnight
following the experiment. Observations were
also madse on burrowing frequency; a shrimp
was considered burrowed if more than 1/2 of
its body was beneath the substrate surface.

Day Length

The effect of day length was experimen-
tally examined with brown shrimp to deter-
mine whether seasonal changes in day length
might alter selection forvegetation. The shrimp
were collected on July 28 when the natural
day length is approximately 13.5 hrs in
Galveston, Tx. Shrimp were placedin holding
tanks under two laboratory day/night cycles,
our standard 12 hr day/night cycle (similar to
early spring conditions in Texas) and a 14 hr
day/10 hr night cycle. Lights in both treat-
ments were synchronized to come on at 0700
hrs each morning. During the dark cycle on
August 12, we transferred shrimp from hold-
ing tanks to seven experimental tanks per
treatment. Observations on shrimp distribu-
tion and activity were recorded throughout the
following day.

Light

We also examined whether the presence
or absence of light affected selection for struc-
ture by brown shrimp. At 0900 hrs the distri-
bution and activity of shrimp was recorded in
12 lighted tanks (standard illumination of 22-
27 uE s m?). We turned the lights off over 6
ofthe 12 tanks at 0930 hrs. Lightinthese dark
tanks was below the sensitivity of our meter
(0.001 uE s* m?). Observations on the
distribution and activity of shrimp in both light
and dark tanks were recorded at 1100 and
1300 hrs.

Predators _

Southern flounder, Paralichthys lethos-
tigma, were used to examine the effect of a
predator on selection for structure by white
shrimp. Fish ranged in size from 135 t{o 266
mm (TL), and they were starved for 24 hrs
before the experiment. Initial shrimp density
in this experiment was 12/ank, and the distri-
bution and the number of shrimp in the experi-
mental tanks was recorded throughout the
day. We used five tanks without fish and five
tanks containing one southern flounder, and
repeated the entire experiment on a second
day.



Salinity

The mean percentage of brown shrimp in
the vegetated haif of the tanks was lowest at
a salinity of 3 %o (Table 1, Figure 1), and the
effect of salinity on selection for structure was
marginally significant (P=0.052). The overall
difference, however, in the percentage of
shrimp in the grass at 3 %o (86% in the grass)
compared {0 38 %o (94%) was only 8% and
may be ot little biological significance. Selec-
tion for structure by white shrimp was not
significantly affected by salinity (Table 1, Fig-
ure 2).

Activity levels (shrimp swimming or crawl-
ing) of brown shrimp were low, and overall
only 3% of the shrimp were active (Figure 1).
Inthe white shrimp experiment, overall activity
was around 33% (Figure 2). There was no
significant effect of salinity on activity of either
species (Table 1).

Simulated Freshwater Event

The overall treatment effect in the salinity-
reduction experiment was highly significant
for brown shrimp (Table 2), but a comparison
of the two salinity reduction treatments with
the three constant salinity treatments (3 %o,
20 %o, and 38 %o) was not significant (Con-

trast A). The reduction in salinity from 38 to
20 %o had no significant effect on selection for
structure, but the reduction from 20 to 3 %e
was significantly different from all other treat-
mentlevels, reducing the percentage ofbrown
shrimp in the grass to 62% (Table 3). In
general, low salinity resulted in reiatively low
numbers of shrimp in the grass, and salinity
reduction to a final low salinity had the great-
est effect. The two treatments with final salini-
ties of 3 %o were significantly different fromthe
othertreatmentlevels (Contrast B). The effect
of reducing salinity from 20 %o t0 3 %o ap-
peared greatest just after the reduction (at
1300 hrs), and the percentage of brown shrimp
in the grass in this treatment increased with
time following the addition of fresh water (Figure
3). Salinity reduction to 3 %e also caused
shrimp mortality (observations on distribution
were made only on survivors), and mean
survival (out of 10 shrimp) in these tanks was
9.6 shrimp at 1300 hrs, 7.6 shrimp at 1500 hrs,
and 6.0 shrimp at 1700 hrs. No mortality was
observed in other treatments.

Salinity reduction did not appear to have .
the same strong effect on white shrimp, and
the main effect of salinity reduction in the
ANOVA was only marginally significant
(P=0.055, Table 4). However, the trend of
reduced numbers in the grass at low salinity

Table 1. The effect of salinity on the percentage of shrimp in the grass and the percentage of
active shrimp. The probability value (P) listed is from an ANOVA comparing all treat-
ment means (8 replicate tanks/mean}) using an arcsin transformation. Individual means
cannot be statistically distinguished at the 0.05 level if they are connected by a line

(LSD multiple range test).

Percent in the Grass j
Brown shrimp 0.052
White shrimp 0.35

Percent Active
Brown shrimp 0.78
White shrimp 0.90

Salinity
38 ppt 20 ppt 3 ppt
94% 89% 86%
82% 76% 78%
2% 4% 4%
33% 35% 30%
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Figure 1.
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The effect of salinity on selection for structure and activity of brown
shrimp. Each bar is a mean percentage from 8 replicate tanks; error bars
represent 1 SE from untransformed data.
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Table 2, Analysis of variance results showing the effect of salinity reduction on the percentage
of brown shrimp in the grass and the percentage of active shrimp. An arcsin transfor-
mation was used on the percentages. All main effects were tested using the Among

Tank error term.

Percent in the Grass

Treatment df SS F P
Salinity Reduction 4 5.68 8.46 < 0.001

Contrasts

A. No change vs Reduction 1 0.49 2.91 0.10

B. with 3 ppt vs Without 3 ppt 1 4.17 24.82 < 0.001
Day ( Block) 1 0.50 2.99 0.10
Among Tank Error 19 3.19 2,78 0.002
Within Tank Error 50 3.02
Pércent Active

Treatment of SS F P
Salinity Reduction 4 1.00 1.35 0.29

Contrasts

A. No change vs Reduction 1 0.00 0.00 0.98

B. With 3 ppt vs Without 3 ppt 1 0.82 4.37 0.050
Day ( Block) 1 0.00 0.00 0.97
Among Tank Error 19 3.55 2.96 0.001
Within Tank Error 50 3.15

Table 3. The effect of salinity reduction on the percent age of shrimp in the grass and the percentage
of active shrimp. The probability (P) value listed is from an ANOVA comparing all treatment
means (5-6 replicate tanks/mean) using an arcsin transformation (see Tables 2 and 4). Indi-
vidual means cannot be statistically distinguished at the 0.05 level if they are connected by a

fine (LSD multiple range test).

Percent in the Grass i
Brown shrimp < 0.001
White shrimp 0.055

Percent Active
Brown shrimp 0.28
White shrimp 0.21

Salinity Change (ppt)

38-38 38-20 20-20 3-3 20-3
97% 97% 88% 83% 62%
B6% 75% 70% 70% 64%

3% 4% 13% 24% 28%
19% 25% 36% 36% 23%




for white shrimp was similar to that for brown
shrimp (Table 3, Figure 4). The change from
20 %o t0 3 %o also did not appear as stressful
for white shrimp, and relatively few mortalities
were observed for this species. The mean
survival for white shrimp in this treatment was
10 shrimp (100%) at 1300 hrs, 9.5 shrimp at
1500 hrs, and 9.0 shrimp at 1700 hrs.
Activity levels of brown shrimp were again
generally lower than those for white shrimp,
and there was a trend of increased activity for
brown shrimp with reduced salinity (Table 3).
Brown shrimpin treatments with final salinities

of 3 %o had significantly higher activity levels
than shrimp in other treatments (Contrast B,
Table 2). Salinity or salinity reduction did not
significantly affect activity of white shrimp
(Table 4). For both species, mean activity
levels in the treatment with salinity reduced to
3 %o declined with time foliowing the salinity
change (Figures 3 and 4). Similar declines
were also apparent in treatments without a
salinity reduction, however, and these trends
may be related to the disruption of removing
and adding water to the experimental tanks.

Table 4. - Analysis of variance results showing the effect of salinity reduction on the percentage
of white shrimp in the grass and the percentage of active shrimp. An arcsin transfor-
mation was used on the percentages. All main effects were tested using the Among

Tank error term.

Percent in the Grass

Treatment df S8 F P
Salinity Reduction 4 1.67 2.70 0.055

Contrasts

A. No change vs Reduction 1 0.31 1.99 017

B. With 3 ppt vs Without3 ppt 1 0.53 3.45 0.076
Day ( Block) 1 0.01 0.05 0.83
Among Tank Error 24 3.70 1.68 0.054
Within Tank Error 60 5.52
Percent Active

Treatment df SS F P
Salinity Reduction 4 0.56 1.59 0.21

Contrasts

A. No change vs Reduction 1 0.12 1.39 0.25

B. With 3 ppt vs Without 3 ppt 0.04 0.40 0.53
Day ( Block) 1 1.05 11.84 0.002
Among Tank Error 24 2.13 2.32 0.004
Within Tank Error 60 2.30
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Turbidity

Water turbidity strongly affected selection
for structure by brown shrimp, but did not
affect selection by white shrimp (Table §). The
percentage of brown shrimp in the grass was
highest at the intermediate turbidity of 10
FTUs, and the clear water treatment could not
be statistically distinguished from the higher
turbidity levels of 25 and 50 FTUs. This
response was the same during both days of
the experiment.

Sensor orientation had a dramatic effect
on light attenuation readings in the experi-
mental tanks. The sensor measures lightina
180° hemisphere, and when it was pointing
towards the light source (vertically), light was
not significantly reduced from 0 to 10 FTUs,
but significant reductions occurred at higher
turbidities (Table 5). When the sensor was
pointed horizontally towards the wall of the
tank, light significantly increased as turbidity
increased. A comparison of light penetration
between the 0 and 10 FTU treatments, there-
fore, indicated no significant difference in
vertically penetrating light, but a significantly
higher horizontal light reading at 10 FTUs.

Table 5.

Food

The distribution offood inthe tanks strongly
affected the distribution of brown shrimp in
relation to structure (Table 6). The overall
presence or absence of food did not signifi-
cantly affect the percentage of shrimp in the
grass (X = 67.5%), but the presence of food
only in the vegetated half of the tanks in-
creased the percentage of shrimp inthe grass
to 89% (a 32% increase in number), and the
presence of food only in the nonvegetated half
of the tanks decreased the percentage of
shrimp in the grass to 45% (a 33% decrease
in number). Separation among treatment
effects was greatest just after food was added
to the tanks (1300 hrs, Table 6, Figure 5). At
night, the resuits for brown shrimp were simi-
lar, although statistically we could not distin-
guish any of the treatment levels except for
food presence in the nonvegetated half of the
tank which again had the lowest selection for
structure (25% in the grass, Table 6). Night
observations were taken only at one time, and
the power of the ANOVA to detect significant
differences at night was relatively low. Inthe
white shrimp experiment, shrimp distribution

The effect of turbidity on the percentage of shrimp in the grass and on light in the water

column, Light was measured both with the sensor pointing towards the surface (Vertical)
and pointing parallel to the tank substrate (Horizontal). The probability value (P) listed is
from an ANOVA comparing all treatment means (8 replicate tanks/mean}; an arcsin trans-

formation was used on percentage data.

Individual means cannot be statistically distin-

guished at the 0.05 level if they are connected by a line (LSD multiple range test).

P Turbidity
Percent in the Grass 10 FTU 0FTU 25 FTU 50 FTU
Brown shrimp < 0.001 90% 76% 66% 58%
White shrimp 0.39 77% B0% 69% 68%
Light
Vertical < 0.001 20.9 218 18.6 16.6
Horizontal <0.001 6.3 4.0 7.5 B.B

11



was not significantly affected by the presence
or distribution of food (Table 6, Figure 6). The
percentage of shrimp in the vegetated half of
the tanks was high in all experimental treat-
ments, ranging between 80% and 94%.
Squid may have been inappropriate as
food for the white shrimp in this experiment
because differences in feeding rates were ap-
parent between species. Brown shrimp were
feeding during 43% of the observations com-
pared with only 5% for white shrimp. Hunger
levels should have been similar in the experi-
ments, because both species were held in the

Table 6.

lab for 3-5 days before an experiment and fed
daily with the same pelieted shrimp food.

Activity levels for both species of shrimp
were not significantly affected by the distribu-
tion or presence of food (Table 6). Brown
shrimp in this experiment were relatively ac-
tive compared with those in other experi-
ments, and white shrimp were relatively inac-
tive (Table 6). The unusually low activity
levels for white shrimp combined with low
feeding levels may indicate that this group of
animals was dissimilar to animals used in
other experiments.

The effect of food on the percentage of shrimp in the grass and the percentage of active

shrimp. The probability (P} value listed is from an ANOVA comparing all treatment means
(4 replicate tanks/mean) using an arcsin transformation. Individual means cannot be
statistically distinguished at the 0.05 level if they are connected by a line (LSD multiple

range test).

p
Percent in the Grass
Brown shrimp
1300, 1500 and < 0.001
1700 Hrs
1300 Hrs < 0.001
NIGHT < 0.001
White shrimp
1300, 1500 and 0.62
1700 Hrs
1300 Hrs 0.49
Percent Active
Brown shrimp
1300, 1500 and 0.28
1700 Hrs
1300 Hrs 0.28
NIGHT 0.18
White shrimp
1300, 1500 and 0.90
1700 Hrs
1300 Hrs 0.43

Food Distribution
FOOD NO FOOD FOOD
GRASS FOOD BOTH NONVEG

89% 74% 61% 45%
90% 70% 68% 40%
70% 60% 58% 25%
94% 90% 91% 80%
98% 90% 88% 78%
10% 39% 15% 22%
5% 32% 10% 22%
25% 35% 42% 38%
1% 1% 1% 2%

0% 2% 0% 0%
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Figure 5. The effect of food on selection for structure and activity of brown shrimp.
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Substrate

The effect of substrate on the distribution
of brown shrimp during the day paralleled the
effect of food (Table 7, Figure 7). The overall
presence or absence of a substrate for bur-
rowing did not affect selection for structure,
but the distribution of the sand was important.
When sand was present only in the vegetated
half of the tank, 94% of the shrimp were in the
grass. When sand was present only in the
nonvegetated half of the tank, overall attrac-
tion for structure was eliminated, and 67% of
the shrimp were on nonvegetated bottom. At
night, there was no significant effect of sub-
strate on the distribution of brown shrimp
(Table 7), and the average percentage in the
. grass for all treatments was 61%. Brown
shrimp frequently burrowed in the sand sub-
strate during the day, and intreatments where
some sand was present, 54% to 77% of brown

shrimp were burrowed (Table 7). Intanks with
sand only on nonvegetated bottom, 78% of
the shrimpinthe nonvegetated half ofthe tank
were burrowed. Atnight, brown shrimp did not
burrow in the substrate, coincident with the
lack of a significant substrate effect on selec-
tion for structure.

White shrimp distributionin relationto struc-
ture was not affected by the presence or
distribution of the substrate (Table 7, Figure
8). Burrowing activity by white shrimp was
also low in comparison with brown shrimp
(Table 7), and in treatments with some sand
present, only 4% to 8% of white shrimp were
burrowed. Overall activity levels were low (5-
11%) for brown shrimp and relatively high for
white shrimp (30-45%). The presence and
distribution of the substrate, however, had no
significant effect on activity for either species
(Table 7).

Table 7. The effect of substrate on the percentage of shrimp in the grass, active, and burrowed. The
probability (P) value listed is from an ANOVA comparing all treatment means (4 replicate tanks/
meany} using an arcsin transformation. Individual means cannot be statistically distinguished
at the 0.05 level if they are connected by a line (LSD multiple range test).

P
Percent in the Grass
Brown shrimp < 0.001
(Night) 0.61
White shrimp 0.96
Percent Active
Brown shrimp 0.34
White shrimp 0.84
Percent Burrowed
Brown shrimp < 0.001
White shrimp 0.29

Substrate Distribution
SAND NO SAND SAND
GRASS SAND BOTH NONVEG
94% 74% 68% 33%
82% 62% 65% 52%
65% 68% 65% 64%
5% 7% 11% 8%
30% A% 43% 45%
77% 70% 54%

8% 6% 4%
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Size

Within the size range of shrimp examined
(35 to 84 mm, TL), size did not have a signifi-
cant effect on selection for structure by either
brown shrimp or white shrimp (Table 8, Fig-
ures 9 and 10). In addition, activity of the
species did not appear to be affected by size.

Day Length and Light

Selection for structure by brown shrimp did
not appear to be affected by day length (Fig-
ure 11). Shrimp had been held under the two
day-length conditions (12-hr and 14-hr days)
for approximately 2 weeks before the experi-
ment, and ANOVA results indicated no signifi-
cant differences in selection for structure
(P=0.24, df= 1,12) or in activity (P=0.97, df=
1,12).

Lightintensity during the day, however, did
have an effect on selection for structure by
brown shrimp (Figure 12). At 0900 hrs the
lights were on in all 12 experimental tanks,
and there was no significant difference in
selection between the tanks randomly desig-
nated as “dark” and those designated as
lighted. Lights in the dark tanks were turned
off at 0930 hrs. At 1100 hrsthe mean percent-
age of shrimpin the vegetated halif of the tanks

Table 8.

was lowerinthe darktanks (Figure 12), butthe
difference was not significant in an ANOVA
(P=0.11, df=1,10). By 1300 hrs the percent-
age of shrimp in the grass in the dark tanks
had dropped to 61%, significantly lower than
the 89%inthe lightedtanks (ANOVA, P=0.008,
df=1,10). There was alarge decline in activity
following the 0900 hr observations in this
experiment, but this decline occurred in both
lighted and dark tanks. Light did not signifi-
cantly affect the activity of shrimp at either
1100 hrs or 1300 hrs (ANOVA, P>0.30, df=
1,10).

Shrimp Density

The white shrimp densities of 5, 10, and 20
shrimp per tank corresponded to densities of
5.4, 10.9, and 21.7 shrimp/m? The mean
percentage of shrimp in the grass was highest
in the low density treatment (82% inthe grass)
compared with percentages of 74 and 76% in
the grass for densities of 10 and 20 shrimp per
tank (Figure 13), but ANOVA results indicated
no significant difference among the three
density treatments (P=0.35, df= 2,12). Activ-
ity levels were highly variable, and no differ-
ence in activity could. be attributed to shrimp
density (ANOVA, P=0.92, df= 2,12).

The effect of shrimp size on the percentage of shrimp in the grass and the percentage

of active shrimp. The probability value {P) listed is from an ANOVA comparing all freat-
ment means (5 replicate tanks/mean) using an arcsin transformation. Individual means
cannot be statistically distinguished at the 0.05 level if they are connected by a line

(LSD muiltiple range test).

Percent in the Grass i
Brown shrimp 0.18
White shrimp 0.16

Percent Active
Brown shrimp 0.78
White shrimp 0.84

Total Length

35-40 mm 50-60 mm 68-84 mm
72% 68% 81%
72% 84% 88%

4% 4% 6%

10% 12% 14%
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Predators

The presence of a southern flounderinthe
experimental tanks did not significantly affect
selection for structure by white shrimp (Figure
14; ANOVA, P=0.36, df=1,17). The southern
flounder generally remained stationary onthe
bottom in the nonvegetated half of the tank,
but the location of the fish did not appear to
affect selection for structure by shrimp. South-
ern flounder were on nonvegetated bottom
during 79% of the observations, but the per-
centage of shrimp in the grass was 87.6%
both when fish were on nonvegetated bottom
and when fish were in the grass. Activity of
shrimp was affected by the presence of this
predator (Figure 14), and the mean percent-
age of active shrimp over the day was signifi-
cantly reduced from 31.7% in tanks without a
predatorto 10.5% when a predator was pres-
ent (ANOVA, P=0.005, df=1,17). Only five
shrimp were eaten by the predators during the
experimental period.

Control Variability and Within Tank Error

In every experiment, one of the treatment
levels was basically a control treatment with
similar conditions of salinity (20 %.), turbidity
(0 FTUs), food {no food), substrate (no sand),
temperature, and light. Differences in selec-
tion for structure and in shrimp activity among
these controltreatments from the experiments
were relatively high. For brown shrimp, con-
trol data were collected from 39 tanks overthe
9 days of experiments. The daily mean per-
centages of shrimp in the grass ranged from
64% to 94% (X=81%, SE=3.2, n=9), and the
mean activities ranged from 1% to 39%
(X=12%, SE=4.5, n=9). Control data for white
shrimp were collected from 42 tanks over 10
experimental days, and daily mean percent-
ages of shrimp in the grass ranged from 65%
to 88% (X=75%, SE=2.2, n=10) with mean
activities ranging from 2% to 44% (X=28%,
SE=4.9,n=10). Selection for structure by both
species was associated with inactivity, and
there was a significant negative correlation
between the transformed percentage in the

grass and activity in the control tanks for both
brown shrimp (r=-0.44, P= 0.005, n=39) and
white shrimp (r=-0.57, P< 0.001, n=42). For
white shrimp this correlation was even more
pronounced when daily means were com-
pared (r= -0.87, P< 0.001, n= 10), indicating
that daily differences in activity could explain
over 75% of the variability in selection. In
addition, paired comparisons of shrimp activ-
ity within control tanks indicated that activity
was lower within the vegetation. Only 10% of
the brown shrimp were active in the vegetated
half of the tanks while 20% were active on
nonvegetated bottomn (pairedt=3.08, P=0.004,
df=34). The white shrimp activity pattern was
similar with 23% of the shrimp active in vege-
tation and 42% active on nonvegetated bot-
tom (paired t= 5.58, P< 0.001, df= 40).

Main effects in the ANOVAs for each
experiment were tested using an among tank
error term, but a comparison of the within tank
error (variability throughout the day) and the
among tank error was also made. For both
species, most analyses (11 of 13) of the per-
cent shrimp in the grass showed that the
among tank error was significantly (0.05 level)
greater than the within tank error. These data
suggest that our observations within a tank
throughout the day were probably not inde-
pendent, and the separation of within tank
error from among tank error was necessatry in
order to meet assumptions of ANOVA. Inthe
analyses of activity, results for white shrimp
were similar with 6 of 7 significant differences.
However, in the brown shrimp analyses of -
activity, within tank error was relatively high,
and only 2 of 6 of these variance comparisons
were significant. This large within tank vari-
ability generally reflected a decreasein brown
shrimp activity from relatively high levelsinthe
morning to lower levels throughout the day.
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DISCUSSION

Selection for Structure by Brown Shrimp

Brown shrimp exhibited an inherent selec-
tion for structure in these experiments as in
previous laboratory studies (Minelio and Zim-
merman, 1985). This selective behavior, how-
ever, was readily influenced by environmental
conditions (Table 9). Salinity, turbidity, and
light interacted with selection for structure by
brown shrimp, and the distribution of food and
a substrate for burrowing also affected the
distribution of this species.

The reduction of salinity to oligohaline levels
inour experiments reduced selection for struc-
ture. These results suggest that under some
conditions, flood events in mesohaline areas
of estuaries may result in reduced selection
for vegetated habitats. Zimmerman et al.
(1990) examined animal distributions in vege-
tated and nonvegetated habitats of upper
Lavaca Bay, Tx, and the percentage of brown
shrimp in marsh habitats appeared to decline

following flood events. Increased mortality
associated with lowering the salinity in our ex-
periments also suggests that effects on selec-
tion for structure may be related to increased
physiological stress.

Turbidity also affected selection for struc-
ture by brown shrimp, and this effect may have
been related to the reduction of underwater
light levels caused by turbid water. In another
experiment, decreased light during the day
significantly reduced the percentage of brown
shrimp in the vegetation from 89% to 61%.
This percentage in the dark was similar to the
percentage in the grass during night observa-
tions. The light levels used in our experiments
(22-27 uE s m?) correspond to early morn-
ing or late afternoon light in shallow water
habitats, and effects of turbidity and perhaps
other experimental variables may interact with
overall light levels.

Although the overall presence or absence
of food or an appropriate substrate for burrow-
ing did not interact with selection for structure,

Table 8. Summary of ANOVA probability values for the main effect of experimental
variables on selection for structure and activity.

Brown Shrimp White Shrimp
Experimental
Variable Selection Activity Selection Activity
Salinity 0.052 0.78 0.35 0.90
Freshwater Event < 0.001 0.29 0.055 0.21
Turbidity < 0.001 0.39
Food < 0.001 0.28 0.62 0.90
Substrate < 0.001 0.34 0.96 0.84
Size 0.18 0.78 0.16 0.84
Day Length 0.24 0.97
Light 0.11,0.008 > 0.3
Shrimp Density 0.35 0.92
Predator 0.36 0.005
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the distribution of these habitat characteristics
dramatically affected brown shrimp distribu-
tions. Attraction to food or a substrate for
burrowing could either enhance or override
selection for structure. In salt marshes, abun-
dances of peracartid crustaceans and poly-
chaetes, which serve as food for juvenile
brown shrimp, are frequently higher on the
marsh surface in relation to nonvegetated
bottom, although distributions of these food
organisms in the marsh vary considerably in
space and time (Kneib 1984; Rader 1984,
Zimmerman et al., in press). The distribution
of food, therefore, may partly regulate the dis-
tribution of brown shrimp in relation to vegeta-
tion. Substrate type, however, may also modify
selection for vegetation in the field, and the
effect of substrate appeared to be closely
related to burrowing behavior. The presence
of root mats or the compaction of clay sub-
strates in the intertidal zone due to intermittent
drying may prevent shrimp from burrowing in
vegetated habitats. Under these conditions,
selection for vegetation may be reduced as
young brown shrimp remain on nonvegetated
bottom more appropriate for burrowing. All of
the above habitat characteristics can be ex-
pected to interact in their influence on selec-
tion for vegetated habitats, but our laboratory
data would suggest that the distribution of
food and substrate are dominant factors.

Selection for Structure by White Shrimp
In direct contrast to brown shrimp results,
laboratory experiments on white shrimp
showed little effect of environmental variables
on selection for structure (Table 9). There was
a marginally significant (P=0.055) reductionin
selection due to salinity reduction, but evi-
dence for any major salinity effect was not
persuasive. The lack of a response to the

distribution of a substrate for burrowing paral--

lels the relatively low burrowing frequency for
this species. Lack of any significant response
to the distribution of food, however, is puz-
zling. The low feeding frequency by white
shrimp on the animal food used in the experi-

ment (squid pieces) suggests that either the
food was unpalatable or that the group of
shrimp used during this experiment was
anomalous (supported by unusually low activ-
ity levels). There is some evidence indicating
that white shrimp are less carnivorous than
brown shrimp (Zimmermanetal. in press) and
therefore may be less attracted to squid as
food, but squid has frequently been used in
maintenance diets for white shrimp at the
Galveston Laboratory. Additionalexperiments
using different foods and experimental shrimp
may be required before we can make any con-
clusions as to the effect of food on the distribu-
tion of white shrimp.

These experiments have provided little
insight into the regulation of white shrimp
distributionsinrelationto vegetative structure.
Results from our control tanks on each of the
nine experimental days revealed an overall
selection for structure by white shrimp, uniike
previous laboratory experiments with artificial
vegetation (Minello and Zimmerman, 1985).
This kind of unexplained variability parallels
the enigma of white shrimp distributionsinthe
field. The experimental design of this study
differed from the design of our previous ex-
periments in overall light levels, substrate
type, and the size, shape and material of the
experimentalcontainers. Inourprevious work
circular cages of black mesh were used, and
the structure of the cage walls themselves or
their coloration may have attracted shrimp to
nonvegetated areas.

Relationships Between Activity and Selec-
tion for Structure

Results from controltanks for both species
of shrimp indicated that activity was nega-
tively related to selection for structure. Activity
levels for white shrimp were relatively high in
relation to brown shrimp, coincident with rela-
tively lower selection for structure by white
shrimp. The importance of this relationship is
unclear, however, and it may be difficult to
determine whether activity affects selection,
selection affects activity, or both are respond-
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ing to some other factor. There is some
evidence for independence between activity
and selection, especially for brown shrimp,
because effects of experimental factors on
selection for structure seldom appeared re-
lated to any effect on activity (Table 9). Many
experimental factors affected selection for
structure by brown shrimp, but activity was
only marginally affected in the salinity reduc-
tion experiment. Reduced selection in salinity
treatments with 3 %. did coincide with in-
creased activity, but analysis of covariance
designed to remove the effect of activity on
selection did not have any great effect on the
ANOVA results. White shrimp activity was
significantly affected in only one experiment,
in which activity was reduced by the presence
of southern flounder. However, selection for
structure was not significantly increased in
this experiment.

The highly significant correlation for white
shrimp between overall daily activity and se-
lection for structure in controls (r=-0.87,
P< 0.001, n= 10), suggests that variability in
activity among days may affect selection for
structure by this species. If this relationship
between activity and selection is not simply an
artifact of our experimental design, environ-
mental factors regulating activity may also
regulate selection for structure by white shrimp
in shallow estuarine habitats. Many environ-

mental factors not examined fully in this study
have been shown to affect activity of penaeid
shrimp, including light (MollerandJones 1975,
Wickham and Minkler 1975, Bishop and
Herrnkind 1976, Moctezuma and Blake 1981),
food (Hughes 1968), lunar and tidal phase
(Aaron and Wisby 1964, Fuss and Ogren
1966), current speed (Fuss and Ogren 1966,
Wickham 1967) water levels (Hughes 1966),
temperature (Fuss and Ogren 1966, Aldrich et
al. 1968), and shrimp size (Hughes 1968,
Moctezuma and Blake 1981).

Evidence from our experiments, however,
could also be interpreted to indicate that se-
lection for structure can regulate activity.
Activity of shrimp in the nonvegetated half of
control tanks was approximately double that
in the vegetated half. Environmental condi-
tions affecting activity, unrelated to the pres-
ence of structure, should have been similaron
both sides of the tanks. Structure may inhibit
crawling and swimming orthe lack of structure
may stimulate these activities. The overall re-
lationship between reduced activity and se-
lection for structure by shrimp should be ex-
amined in greater detail. The large ranges in
daily means from our experimental controls
indicate that factors, not controlled in these
experiments, were affecting both selection
and activity.
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